Interspecific Hybrids between
The genus Iris consists of more than 200 species (Lawrence 1959) , which are confined to temperate regions in the northern hemisphere (N.L. 20-60°) (Douglas 1959) . Among them, 7 species and 2 varieties, namely, I. ensata Thunb. var. spontanea (Makino) Nakai, I. laevigata Fisch., I. sanguinea Hornem., I. setosa Pall. var. setosa Pall. (I. setosa), I. setosa Pall. var. hondoensis Honda, I. setosa Pall. var. nasuensis Hara, I. rossii Baker, I. japonica Thunb. and I. gracilipes A. Gray are distributed in Japan. One of these species, arctic iris, I. setosa, which belongs to series Tripetalae of subsection Apogon (Lawrence and Randolph 1959) , has unique reduced inner perianths (petals) as shown in the series name, Tripetalae. This species is widely distributed from northern Asia to the east coast of northern America into New England (Grey-Wilson 1977) , and includes several varieties. Two of them are I. setosa var. hondoensis and I. setosa var. nasuensis, which are endemic to Japan, that is, the former variety is distributed in Kirigamine Heights, Nagano, and the latter variety in Nasu Heights, Tochigi.
According to cytological studies, I. setosa has somatic chromosome numbers 2nϭ38 (eudiploid) and 39 (aneuploid) (Tomino and Adati 1960, Serizawa and Kondo 1992) , I. setosa var. hondoensis 2nϭ52, 53, 54, 56 and 57 ( Tomino and Adati 1960 , Hara and Kurosawa 1963 , Serizawa and Kondo 1992 and I. setosa var. nasuensis 2nϭ54 (Serizawa and Kondo 1992) . Based on these chromosome numbers, therefore, it was first speculated that these varieties were derived from au-totriploids (2nϭ57) or their aneuploids of I. setosa (Tomino and Adati 1960, Hara and Kurosawa 1963) . However, this speculation for autotriploid origins of I. setosa var. hondoensis and I. setosa var. nasuensis was not conformed by analyses of their karyotypes (Serizawa and Kondo 1992) . On the other hand, Iwashina and Ootani (1996, 1998) suggested that I. setosa var. nasuensis (2nϭ3xϭ54) was derived from interspecific allotriploids (2nϭ54) between I. setosa (2nϭ2xϭ38) and I. laevigata (2nϭ2xϭ32) which belongs to series Laevigatae of subsection Apogon (Lawrence and Randolph 1959) , based on flavonoid analysis. To date, however, no reports of the allotriploid hybrids have been published, although the hybrids from the cross between I. setosa (2x) and I. laevigata (2x) were obtained by Tamberg (1995) . Consequently, the origins of I. setosa var. hondoensis and I. setosa var. nasuensis still remain to be clarified.
In this study, we report the characterization of interspecific hybrids (allotriploids) from the cross between autotetraploid I. setosa and diploid I. laevigata and their relationships to I. setosa var. hondoensis or I. setosa var. nasuensis.
Materials and methods

Plant materials
Wild lines of I. setosa (2x), a colchicines-induced autotetraploid line of I. setosa 'Blue Tetraploid' (4x), I. setosa var. hondoensis, I. setosa var. nasuensis and I. laevigata (2x) were used as plant materials, and grown in the experimental garden of the Faculty of Agriculture, the University of Miyazaki, Japan.
Production of interspecific hybrids
Reciprocal interspecific crosses between diploid or tetraploid I. setosa and I. laevigata (2x) were carried out in this study. Normal seeds produced by the crosses of I. setosa (2x)ϫI. laevigata (2x) and I. setosa (4x)ϫI. laevigata (2x), were sown in pots containing compost and checked for germination ability (Table 1) . Ten seedlings obtained from the cross I. setosa (4x)ϫI. laevigata (2x) were further grown in a glass house, and 6 plants obtained thereby and named as SL1-6 were used as materials for further studies.
Characterization
Characteristics such as colors and anthocyanins of outer perianths (calyxes), purple veins at their basal parts, reduced inner perianths (petals), pollen and seed fertility of 5 interspecific hybrids (SL1-5) except for SL6 which has not yet bloomed, were examined and compared with those of I. setosa (2x), I. laevigata, I. setosa var. hondoensis, and I. setosa var. nasuensis. The anthocyanins in their outer perianths were also analyzed by high-performance liquid chromatography (HPLC) procedures (Imayama and Yabuya 2003) , and pollen fertility was determined as described by Yabuya (1984) . 
Flow cytometric (FCM) analysis
Nuclear DNA contents of the leaf tissues in I. setosa (2x), I. laevigata, SL1-6, I. setosa var. hondoensis, I. setosa var. nasuensis and a tetraploid line of I. setosa were estimated by FCM analysis. A wild line of I. fulva (2x) was used as an internal standard (2Cϭ19.57 pg, Kentner et al. 2003) for this analysis. The young leaf tissues (about 1 cm 2 ) of each sample and the internal standard were minced with a sharp razor blade simultaneously in 2 ml of nuclei extraction buffer containing 0.01% (V/V) Triton ® X-100, 10 mg/ml RNase, 0.5 mg/ml polyvinylpyrrolidone (K-90), 6.30 mg/ml Na 2 SO 3 and 0.05 M Tris-HCl (pH 7.5). After filtration through a nylon mesh with 30 mm square pore, the suspension was centrifuged at 6,000 rpm (for 2 min) and the supernatant was removed. The pellet was resuspended with 550 ml of nuclei extraction buffer and 50 ml of 1 mg/ml propidium iodide (PI) was added. Subsequently, the suspension was kept on ice for 5 min and then the sample was analyzed with a flow cytometer (Epics XL, Beckman Coulter, Co. Ltd., Germany) equipped with an argon laser.
Chromosomal observation
Vigorously growing root tips of materials were collected, and pre-treatment and fixation of root tips were carried out by the methods described by Yabuya et al. (1997) . The root tips were immersed in enzyme solution (2% Cellulase Onozuka RS, 1% Macerozyme, 0.3% Pectolyase Y-23 and 25 mM EDTA, pH5.8) for 30-40 min at 37°C. After the enzymatic treatment, chromosomes were spread on a slide glass in a few drops of Farmer's fixative (ethanol : acetic acidϭ3 : 1) and then air-dried. The chromosomes were then stained with 1 mg/ml 4,6-diamidino-2-phenylindole (DAPI) and the chromosome number was counted under a fluorescent microscope (BX51, Olympus Co., Ltd., Japan) equipped with a WU cube. Photographs were taken on color film (Fujifilm PROVIA 400F). The tetraploid line of I. setosa was not used for chromosome observation because of its death after using for cross hybridization.
Random amplified polymorphic DNA (RAPD) analysis
Deoxyribonucleic acid was isolated from leaves of each material by the CTAB method (Doyle and Doyle 1987) . The PCR amplification was performed in 20 ml volume containing 1 ml of template DNA (10 ng), 2 ml of 10ϫPCR buffer, 1.6 ml of dNTPs (10 mM), 0.5 pmol of primer and 0.2 ml of Taq DNA polymerase (5 units/ml). As primers, 20 primers of an Operon RAPD kit A (OPA 1-20) were used. Amplification was carried out in a thermal cycler (ASTEC Program Control System PC-700, ASTEC, Fukuoka, Japan) for 45 cycles after denaturing for 5 min at 94°C. Each cycle consisted of 30 s at 94°C, 30 s at 40°C and 1 min at 72°C. Amplification products were separated by electrophoresis on 1.5% agarose gels in 1ϫTAE buffer and visualized by SYBR TM safe gel stain (Invitorogen Corp., Carlsbad, CA, USA).
Cleaved amplified polymorphic sequence (CAPS) analysis
For analyses of chloroplast DNA (cpDNA) and mitochondrial DNA (mtDNA), one primer pair (TrnD-TrnT) and two primer pairs (nad5/1-nad5/2r and nad7/1-nad7/2r) were used for amplification, respectively (Dumolin-Lapegue et al. 1997 , Cheng et al. 2002 . The PCR amplification was performed in a 20 ml volume containing 1 ml of template DNA (10 ng), 2 ml of 10ϫPCR buffer, 1.6 ml of dNTPs (10 mM), 0.25 mmol of forward primer, 0.25 mmol of reverse primer and 0.2 ml of Taq DNA polymerase (5 units/ml). Amplifications of cpDNA and mtDNA were carried out in a thermal cycler for 30 cycles after denaturing for 3 min at 94°C. Each cycle consisted of 1 min at 94°C, 40 s at 60°C (for cpDNA) or 54°C (for mtDNA), 2 min at 72°C and a final extension for 10 min at 72°C. The PCR products were digested with 10 restriction enzymes, AluI, BamHI, EcoRI, HapI, HindIII, HinfI, MboI, MseI, NotI and SmaI for 4 h at 37°C. The digested DNA samples were electrophoresed and visualized using the method described above.
Results
To obtain interspecific hybrids, the reciprocal crosses between I. setosa (2x, 4x) and I. laevigata (2x) were carried out, and the two crosses, that between I. setosa (2x) and I. laevigata and that between I. setosa (4x) and I. laevigata produced normal seeds (Table 1) . However, seedlings were obtained only from the cross between I. setosa (4x) and I. laevigata were obtained (Table 1) . Six (SL1-6) of 10 seedlings were used for further experiments.
Flow cytometric analysis revealed that the nuclear DNA content of all the putative hybrids (SL1-6) were almost the same as expected from the allotriploid consisting of I. setosa (2x) and I. laevigata (x) genomes (Table 2 ). In addition, the somatic chromosome numbers of SL1 and SL5 were 2nϭ54 which is the sum of the chromosome numbers of I. setosa (2xϭ38) and I. laevigata (xϭ16) (allotriploid), and those of SL2, 3, 4 and 6 were 2nϭ53 (aneuploid) ( Table 2 ). As shown in Fig. 1 , two and one DAPI signal bands were observed in somatic chromosomes of I. laevigata and SL1-6, respectively. In contrast, no DAPI signal band was observed in I. setosa. Therefore, one DAPI signal band observed in SL1-6 was considered to be derived from I. laevigata. On the other hand, these hybrids exhibited unique flower characters of I. setosa, such as purple veins at the basal part of the outer perianths and reduced inner perianths (Table 3) . Moreover, RAPD analysis revealed that SL1-6 had bands that were specific to I. setosa and I. laevigata with primers OPA-1, OPA-17 and OPA-20 (Fig. 2) . Cleaved amplified polymorphic sequence analyses of organelle DNAs showed that the band patterns of SL1-6 were specific to I. setosa (Fig. 3) . Therefore, SL1-6 plants were identified as allotriploids and the corresponding aneuploids of I. setosa (4x)ϫI. laevigata (2x).
The anthocyanins in the outer perianths of I. setosa (4x), I. laevigata and their hybrids (SL1-5) were analyzed by HPLC. These plants expressed malvidin 3-(p-coumaroyl)rhamnosylglucoside-5- glucoside (3pCRG5G) and petunidin 3pCRG5G as major anthocyanins, although they had deep purple or purple outer perianths, respectively (Table 3 , Fig. 4 ). In addition, the hybrids had unique characters of I. setosa such as purple veins at the basal part of the outer perianths and reduced inner perianths (Table 3 ). The pollen fertility of the hybrids was lower than that of I. setosa and I. laevigata (Table 3) , and the former plants produced no fertile self-pollinated seeds (Table 4) . Characteristics of I. setosa var. hondoensis and I. setosa var. nasuensis were examined and compared with those of SL1-5. The nuclear DNA content, DAPI signal bands, flower colors, major anthocyanin types, pollen and seed fertility of these two varieties were similar to those of SL1-5 (Tables 3, 4, Fig. 4) . Also, the nuclear DNA content of I. setosa var. hondoensis and I. setosa var. nasuensis was almost the same as that expected from the allotriploid DNA content of I. setosa (2x) and I. laevigata (x) rather than from the autotriploid DNA content of I. setosa (2x) ( Table 2) . Furthermore, RAPD analysis revealed that both I. setosa var. hondoensis and I. setosa var. nasuensis had bands that were specific to I. setosa and I. laevigata with primers OPA-1, OPA-17 and OPA-20 (Fig. 2) . On the other hand, CAPS analyses of organelle DNAs showed that the band patterns of I. setosa var. hondoensis and I. setosa var. nasuensis were the same as that of I. setosa (Fig. 3) . (Table 1) . Autotetraploids of I. fulva obtained by protoplast culture also showed improved interspecific crossability with I. laevigata, although embryo rescue was required for the production of the hybrid plants (Inoue et al. 2004 (Inoue et al. , 2006 . In addition, autotetraploidization of diploid species by colchicine treatment improved interspecific crossability between diploid species in Gossypium (Stephens 1942 , Mehetre 2003 . These findings indicate that autotetraploidization of parental species is one of the effective means to overcome the breeding barrier of interspecific crosses in Iris and Gossypium. In this study, interspecific hybrids (SL1-6) between tetraploid I. setosa and diploid I. laevigata were obtained and their characteristics (except for SL6) and the results of FCM, cytological, RAPD, and CAPS analyes were similar to I. setosa var. hondoensis and I. setosa var. nasuensis. Therefore, these two varieties of I. setosa may be derived from interspecific hybridization between I. setosa and I. laevigata, in which I. setosa was used as maternal plants. Caillet et al. (2000) also described that I. nelsonii Randolph which derived from the hybrid origin of three species such as I. fulva Ker-Gawl., I. giganticaerulea Small and I. brevicaulis Rafinesque, has the cytoplasm of I. fulva.
The karyotypes of I. setosa, I. laevigata and I. sanguinea were classified into the same group based on their similarity (Tomino and Adati 1960) , and the morphological traits of pollen in I. setosa var. hondoensis and I. setosa var. nasuensis were distinct from those in I. setosa, but closely similar to those in I. laevigata and I. ensata (Chuma 1970) . In addition, Iwashina and Ootani (1996, 1998) suggested that I. setosa var. nasuensis was derived from allotriploids between I. setosa and I. laevigata based on the presence of 4Ј-O-glycosylated and O-methylated C-glycosylflavones. These reports support our hypothesis that I. setosa var. hondoensis and I. setosa var. nasuensis are allotriploids involving progenitors of I. setosa and I. laevigata. To confirm our hypothesis, their genomic characterization according to genomic in situ hybridization is now underway. Further studies are also needed on qualitative and quantitative characterization of the varieties and I. setosa (2x) and on the crossing tests between I. setosa and other Iris species distributed in Japan except I. laevigata.
